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Limited information is available on the effects of spark discharge properties on flowing oxygen and the 
resultant gas plume. The fundamental addition of energy is in thermal, electronic, and acoustic modes. As 
sparks are employed as a synthetic activation energy, the most desirable modes of energy are electronic and 
thermal. The addition of energy to dissociate molecules and create highly reactive species is just as useful 
as raising the temperature of the gas above the mixture’s auto-ignition temperature. Due to the timescale of 
the event, measurements can be tricky. Dissociation of select molecules can be measured with spectroscopic 
methods, and validate chemical models that simulate the full chemical reaction. The thermal plume 
following the discharge must be tracked with a high speed system, be it imaging or fast-response 
instrumentation. 
The objective of this work is to track the thermal plume with high speed Schlieren imaging, and 
determine what pressure-distance product of the spark gap and manifold pressure will produce the greatest 
total volume of heated gases. Literature exists showing qualitative trends for the electrical discharge [7], 
yet information is not available regarding the effects on the gas mixture excited by and immediately 
following the arc. To fulfill this gap, the research at hand focuses on non-reactive gas mixtures flowing 
through annular electrode configurations. The aims are to parametrically determine what input (electrical, 
flow, fluid properties) and geometric (spark gap) variables create the largest spatial volume and longest 
duration cloud of plasma products. 
 Studies of spark ignition have examined electrical characteristics [2] [3] [4], and imaged ignition 
kernels following the discharge [5] [6]. As often seen in application, pronged electrodes of various shapes 
and sizes take the spotlight of previous literature [5] [7] [8]. Again driven by specific applications, such 
work revolves around stagnant conditions, leaving studies of sparks flowing gases in the dark. The aim of 
this paper is to shrink the gap of knowledge for sparks in flowing oxygen. 
A. Setup 
 Schlieren imaging of the electrical discharge and subsequent product clouds were taken using the 
experimental setup shown in Fig. 1. The system consisted of two f/10 8 inch diameter parabolic mirrors 
spaced 72 inches apart with the light source slit and knife edge 7.5 inches from the centerline of the 
collimated light. The light source was a CREE XM-L2 LED supplied with 12V and 3A. A condenser array 
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followed the LED module with two 50 mm diameter, 100 mm focal length achromats spaced for a 1:1 
magnification, which was then cropped by a horizontal slit and iris aperture. A Phantom v310 high speed 
camera was used in conjunction with a Sigma aspherical 170-500 mm f5-6.3 lens, and provided a spatial 
resolution of 280 micron as determined by a 1951 USAF resolution chart. Electrical measurements were 
taken with a model 410 Pearson current monitor (50Ω termination, thus sensitivity lowered by factor of 
two), model P6015 Tektronix high voltage probe (1MΩ termination), and recorded by a Teledyne LeCroy 
WaveSurfer 44MXs-b oscilloscope. The high voltage probe was the triggering channel with an 800V 
threshold. Time resolution between data points was 2ns for a duration of 200 μs, and 240 triggered events 
were recorded per video. Results were integrated over time to provide mean results for electrical signals. 
Figure 2 shows a mean result of voltage and current vs. time for reference. 
 Mass flow was regulated by a Fox choke venturi with a 0.051” diameter. Fluid properties were measured 
using Omega Type K open tip, ungrounded, 0.010” diameter wire thermocouples, and Omega PX309-
500A5V pressure transducers. Measurements were recorded by a LabView cRIO-9064. Sparks were 
generated from a capacitive Champion exciter powered by a Tektronix PWS4305 DC power supply.  
 Pure oxygen was used as the oxidizer with supply pressures and stainless steel spark gaps shown in 
Table 1. Note that spark gaps 5 and 7 were excluded from this study. The oxidizer was injected into a cavity 
upstream of the spark gap, then directed through an annulus formed by two electrodes. Sparks formed 
within the annulus and were extended outward by the flow. The excited gas is carried downstream by the 
bulk flow where it inevitably reached equilibrium. 
 
Table 1   Spark gap electrode diameters, and supply pressures used in experiment 
Spark 
Gap 
Outer Diameter 
[in] 
Inner Diameter 
[in] 
 Setting 
Supply Pressure 
[psia] 
1 0.0205 0.094  1 20 
2 0.0315 0.094  2 40 
3 0.0415 0.094  3 65 
4 0.0510 0.094  4 90 
N/A - -  5 115 
6 0.0715 0.094  6 190 
N/A - -  7 265 
8 0.0915 0.094  8 340 
    9 415 
    10 515 
B. Schlieren Post Processing 
For reference, Fig. 3 shows a schematic of the spark igniter cap juxtaposed with a schlieren image. Gases 
enter the spark igniter gap from one side, fill the chamber then exit through the annulus. The gap cap is 
removable, and the means to change the diameter of the outer electrode. An O-ring sits in a channel between 
the gap cap and gap body to prevent gas from escaping, but is not shown in the schematic. 
The selected dataset contained measurements across ten pressures and six spark gaps with high speed 
videos were recorded for all combinations. For each set, one background video with flowing gas and no 
spark discharge was recorded for 1.8 seconds and two data videos were recorded with flowing gas and 
spark discharges for 1.8 seconds each. The background video was time averaged and subtracted off the raw 
data videos. Edge detection was performed using a subpixel detection method developed by Trujillo-Pino 
et al. [9]. Edges were then dilated in the shape of a diamond, and enclosed spaces were filled. The edges of 
the filled objects remaining were trimmed using a diamond shape resulting in a binarized spatial location 
of the hot plume of gas. 
 An image based trigger was used to determine time zero for each spark discharge. Thirty frames (3 
ms) were collected when the trigger occurred. Frames of the same time stamp were spatially averaged, and 
a weighted centroid was calculated to compare flow velocities. A second binary processing was performed 
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for completeness. However, centroid locations were less smooth in movement due to multiple objects found 
per frame, and variation in the object shapes. Velocity calculations of gas movement were within 15% 
between the weighted centroid and centroid results on average.  
 
Anticipated Results 
 The plasma cloud, is not hypothesized to travel at the flow velocity due to strong advective cooling from 
turbulence and lower energy delivered per unit volume at high speeds. It is anticipated that an “optimal 
zone,” where the plasma cloud travels the farthest before reaching equilibrium, will lie below transonic 
speeds (Ma<0.8) of the gas mixture exiting the spark gap. Preliminary Schlieren images are shown in 
Fig._4 for air, and a surface map of the binarized volume of gases for a variety of pressure-distance 
combinations is shown in Fig. 5. Final results are expected to include measurements of (1) distances traveled 
longitudinally with flow by the electrical arc and plasma cloud, (2) maximum widths of the plasma, and (3) 
plasma cloud dissipation timescales for a variety input energies, volume flow rates, spark gaps, and 
temperatures. Results of spark energies vs. spark gaps are expected to follow Paschen’s law despite 
nonplanar electrode geometry. Most importantly, the fluid and spark properties will be examined using the 
Buckingham-pi method (variables shown in Table 2) to determine what variables produce the largest 
volume of reactive gases. 
 
Table 2 Variables to be examined for Buckingham Pi analysis 
𝑉 𝑽 𝝆 𝑷 𝒅𝒈 ?̇? 𝒕𝒔𝒑 
{𝑳𝟑} {𝐿𝑡−1} {𝑀𝐿−3} {𝑀𝐿−1𝑡−2} {𝐿} {𝑀𝐿2𝑡−3} {𝑡} 
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Fig. 1  Detailed schematic of experimental setup for Schlieren imaging and other common measurements 
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Fig. 2  Typical mean voltage and current shapes 
 
 
Fig. 3  Juxtaposition of spark igniter cap and schlieren image 
 
Fig. 4  Preliminary schlieren results of a 200 Hz inductive spark discharge in air 
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Fig. 5  Sum of binarized high speed videos showing hot gas plume following the spark 
